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For  many  NDE  applicatio:««»  coverage  of  an  extremely  broad  range 
of  frequencies  is  required  to  characterize  a defect  or  gradient.  Non- 
contact  SAW  Electromagnetic  transducers  appear  to  be  restricted  to 
relatively  small  fractional  bandwidths  by  their  structure  and  low 
coupling.  One  solution  to  this  problem  is  overtone  operation  of  the 
transducers  at  their  odd  harmonics  which  present  models  do  not  predict 
adequately.  This  situation  motivated  the  derivation  of  a new  equivalent 
circuit  model  based  on  a description  of  the  dynamic  fields  surrounding 
transducer  conductiors  in  which  the  current  distributions  are  allowed 
to  vary.  The  new  results,  while  in  agreement  for  fundamental  frequenc' 
operation  with  the  earlier  flat  field  theory,  differ  in  harmonic  predictioi 
Data  favors  the  new  theory,.  As  a design  example,  we  present  data 
(corrected  for  propagation  losses  and  variations  in  our  electronics)  for 
am  unmatched  electromagnetic  transducer  (F  . 376  MHz)with  a 
constant  insertion  loss  (within  -K2  dB)  out  ot  th^seventh  odd  harmonic 
as  piddicted  by  the  new  theory. 


1 ACCESSION  'or 

1 

NTIS 

Wti  e Section 

OOC 

B.,r  s 

«ction  □ 

UNANNOCCD 

JUSri  ICATION  

□ 

BY 

WSnilBIITieN/AVIUIMIIllTY  GODU 

Oi-i. 

SPECIAL 

fi 

HARMONIC  OPERATION  OF  SAW  ELECTROHAONETIC  TRANSDUCERS 


Thomas  L.  Szabo,  and  James  C.  Sethares 
Deputy  for  Electronic  Technology,  Rome  Air  Development  Center 
Hanscom  AFB,  MA  01731 

For  siany  NDE  applications,  coverage  of  an  extremely  broad  range  of  frequencies 
Is  required  to  characterize  a defect  or  gradient.  Noncontact  SAW  electromagnetic  transducers 
appear  to  be  restricted  to  relatively  small  fractional  bandwldths  by  their  structure  and  lov 
coupling.  One  solution  to  this  problem  Is  overtone  operation  of  the  transducers  at  their  odd 
harmonics  which  present  models  do  not  predict  adequately.  This  situation  motivated  the  deriva- 
tion of  a new  equivalent  circuit  model  based  on  a description  of  the  dynamic  fields  surrounding 
transducer  conductors  In  which  the  current  distributions  are  allowed  to  vary.  The  new  results, 
while  In  agreement  for  fundamental  frequency  operation  with  the  earlier  flat  field  theory,  differ 
In  harmonic  prediction.  Data  favors  the  new  theory.  As  a design  example,  we  present  data 
(corrected  for  propagation  losses  and  variations  In  our  electronics)  for  an  unmatched  electro- 
magnetic transducer  (f  • .376  MHz)  with  a constant  Insertion  loss  (within  + 2 dB)  out  to  the 
seventh  odd  harmonic  as  predicted  by  the  new  theory. 
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Introduction 


Recent  advances  In  NDE  methodology  employ  either 
a variation  In  transducer  frequency  or  position  to 
obtain  sufficient  Information  to  describe  a defect 
quantitatively.  Because  of  limited  accessibility  to 
the  port  to  be  Inspected,  measurements  over  a wide 
frequency  band  are  preferred.  Ideally  a transducer 
capable  of  a constant  output  over  extremely  irlde-band 
Is  needed.  For  this  application,  the  advantages  of 
the  noncontact  coupling  of  SAW  electromagnetic 
transducers  are  partially  offset  by  the  narrow  band- 
widths  of  these  transducers.  The  3 dB  fractional 
bandwldthn  are  typically  l/N  where  N Is  the  number 
of  transducer  periods.  As  w?ll  be  shBwn,  this  limita- 
tion can  be  overcome  by  operating  the  transducer  at 
odd  haraomlc  frequencies.  Present  theories  do  not 
predict  accurately  the  overtone  strength  of  these 
transducers. 

The  purpose  of  the  present  paper  Is  to  utilize 
a new  theory  suitable  for  harmonic  prediction  and  to 
present  Information  necessary  for  the  design  of  a 
transducer  operating  over  a very  wide  band  of 
frequencies.  This  new  theory  Is  developed  and 
presented  In  detail  by  us  In  reference  1. 

Theory 

?“8 

Previous  models'  for  SAW  electromagnetic  trans- 
ducers (BOTn)  have  been  based  on  the  assumption  of  a 
uniform  current  distribution  In  each  transducer  wind- 
ing or  strip.  For  example,  in  our  previous  analysis^ 
for  the  flat  conductor  EMT,  the  strip  current  density 
K^(amp/m)  was  considered  constant;  K ■ I/S,  where 
I Is  the  current  In  the  strip  wld'h.^  This  analysis 
led  to  a flat  field  theory  solution  which  satisfied 
all  the  boundary  conditions  Imposed  by  the  transducer 
geometry  above  a ground  plane.  The  transducer  model 
based  on  this  theory  agreed  well  with  experiment  for 
fundamental  frequency  operation,  but  deviated  from 
experiment  for  harmonic  transducer  operation.  We 
were  motivated  to  examine  the  observed  differences  at 
the  higher  frequencies. 

By  allowing  the  current  to  jaiy  along  the  strip 
width,  we  obtained  nav  solutions'^  for  the  dynamic 
magnetic  fields  surrounding  an  EtfT  array  of  conductors 
above  a ground  plane.  Both  the  earlier  and  new  solu- 
tions satisfy  Laplace's  equation,  but  they  satisfy 
different  boundary  conditions  on  the  tangential  E 
field.  This  difference  Is  a consequence  of  requiring 
the  su^aee  current  to  satisfy  only  the  condition 

/^K^(x)dx  ■ 1/2  rather  than  be  constant. 

Calculations  of  the  dynastic  magnetic  field  compo- 
nent at  and  parallel  to  the  ground  plana,  as  a function 


of  gap  spacing,  G,  between  the  EMT  and  ground  plane 
(of  infinite  conductivity)  are  shown  in  Figure  1 for 
a strip/spacing  ratio,  S/b  - 0.97‘t.  The  new  theory 
shows  that  the  current  distribution  is  peaked  at  the 
edges  of  the  strip.  For  larger  gaps,  the  magnetic 
field  loses  Its  "ears"  and  becomes  more  sinusoidal 
In  shape  similar  to  results  for  the  flat  field  theory — 
for  large  gaps. 


Figure  1.  Tangential  magnetic  field  at  the 
ground  plane  of  a meander  line  for  S/b  ■ . 97U 
and  O/b  ■ .05,.l  , .15,  and  .2  for  LP  theory. 


In  the  new  analysis , the  solution  Is  expressed  In 
terms  of  Legendre  polynomials  and  elliptic  integrals. 
There  Is  a direct  theoretical  correspondence  between 
the  EMT  surface  current  distribution  and  the  IDT 
surface  charge  distribution  on  an  electrode.  In 
Figure  2 we  plot  space  harmonic  amplitudes  for  both  the 
flat  field  and  Legendre  polynomial  theories  for  G ■ 0. 
The  Legendre  polynomial  curves  for  G ■ 0,  can  be 
related  to  those  of  Engan^  for  the  IDT  if  S/b  replaces 
1-a  and  I/b,  V/L  In  ref  9.  In  this  figure,  the 
differences  between  the  theories  for  the  fundamental 
are  very  small  and  negligible  up  to  S/b  6.5.  The 
Legendre  polynomial  theory  departs  significantly  from 
the  flat  field  theory  for  higher  harmonics  especially 
as  S/b  increases  (S/b .^.2). 
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Figure  3.  Equivalent  Circuit  for  EHT 
(Electromagnetic  Transducer)  with  driving 
source  V and  R , and  matching  capacitor  C 


Figure  2.  Space  harmonic  amplitudes  for 
flat  field  (FF)  and  Legendre  Polynomial  (LP) 
theories. 


Equivalent  Circuit 

A transducer  equivalent  circuit  based  on  the 
I«gendre  polynomial  theory  for  dynamic  magnetic  fields 
Is  shown  In  Figure  3.  The  heart  of  this  circuit  Is 

the  radiation  resistance  R.  for  a uniform  transducer: 
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Interest, In  Eq  2 It  Is  the  numerator  that  contains  the 
harmonic  information  Is  terms  of  R.  (Eq  1).  The 
denoislnator  | Z (f)|‘ls  determined  by  the  electrical 
circuit  and  matching  elements.  The  acoustic  eleswnts 
R,  and  X,  have  a negligible  Influence  on  Z (f); 
therefore,  we  can  separate  out  contributions  to  the 
overall  frequency  response  of  the  transducer  by 
evaluating  the  numerator  and  denominator  of  Eq  2 
Individually. 

If  we  begin  with  a transducer  of  a given  geometry 
near  a specified  metal  material  at  a certain  fundamen- 
tal frequency,  we  can  see  from  Eq  1 that  all  these 
factors  are  Included  In  the  bracketed  term.  Rote  that 
the  usual  w term  has  been  separated  artificially  Into 
two  factors  w • (w  ) (2n  e 1).  The  terms  outside  the 
brackets  detenslne°tbe  harsuinlc  behavior  of  the 
transducer.  In  fact  the  parameter  of  greatest 
Interest  IsO*  flS/b,  the  strip  width  to  spacing 
ratio. 


In  which  1 Is  transducer  length,  w > 2 n f g 
and  Wq  Is  the  center  angular  frequency,  Bq  (Wb/m  ) 

Is  the  static  magnetic  field,  Is  a material  depen- 
dant parameter,^*'  P Is  a Legendre  polynomial,  K the 
elliptic  Integral  of"the  first  kind,  g . ns/b, 

2n^l  is  the  harmonic  number  (as  In  Figure  2)  and  X^ 

Is  acoustic  reactance.  The  electrical  parameters 
Include  transducer  Inductance  which  has  two  parts: 
a frequency  independent  (first  order)  L^,,  and  a part 
L-.,  dependant  on  frequency  and  substrate  isaterlal 
cSKductlvlty.  Resistances  Include  the  normal  dc  value 
R,  and  an  eddy  current  resistance  R^.^.,  and  R , the 
source  impedance.  These  circuit  elements  and  para- 
meters are  explained  In  more  detail  in  Ref.  1 and  T. 
The  transducer  efficiency  can  be  calculated  from 
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where  Z Is  a nonsallxed  Impedance  function  including 
the  cirSult  and  any  matching  elaments.  Insertion 
loss  Is  defined  as  IL  ■ -10  log  TX. 
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If  we  are  to  meet  our  objective  of  wideband  opera- 
tion, we  must  exasdne  the  critical  parameters  affecting 
transducer  response  over  the  frequency  range  of 


Figure  4.  Insertion  Loss  at  harmonic  frequencies 
for  8/b  - .33,  .5,  .5T,  and  .97k. 
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• tn  nyura  k v*  plot  tha  Insertion  loss  of  a 
transducer  and  vary  S/b  as  a parameter.  The 
ealopinted  points  nt  the  harmenles  are  connected  hy 
straight  lines.  ^The  Sine®  | S - (Sn^l)]  | 

function  at  aach'harmonlc  has  Been  omitted  for  clarity. 
For  the  "usual"  case  when  3/h  ■ .5.  the  theory 
predicts  no  third  (n  ■ l)  or  seventh  (n  ■ 3)  harmonic. 
Changing  S/h  ■ .$T  still  results  In  substantial  dips. 
Oolng  to  a smaller  ratio,  SA)  ■ 1/3,  produces  a very 
uneven  overall  response.  A ratio  of  S/b  0,  not 
shown  In  Fig.  U,  has  a response  which  Is  smooth  but 
which  varies  linearly  with  frequency,  as  evident  from 
Fig.  2 and  Bq.  1.  By  choosing  an  S/b  ratio  of  nearly 
one  (S/b  ■ .97^),  however,  we  obtain  a fairly  constant 
acoustic  response  which  Is  flat  within  *2  dfi  out  to 
the  eleventh  harmonic.  This  3/b  (■  .97^)  ratio  Is  a 
suitable  candidate  for  harmonic  operation. 
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Note  that  any  one  of  the  capacitor  choices  would 
severely  raise  the  Insertion  loss  at  adjacent  harmonics. 
Two  other  possibilities  exist:  either  a more  compli- 
cated wideband  matching  scheme  or  no  matching  at  all. 
The  effect  of  not  matching,  as  also  shown  In  Figure  3 
((f)  + (e))  Is  a drop  of  only  2dB  across  the  frequency 
range.  This  mild  effect  Is  tolerable  and  unsutched 
transducers  with  S/b  ■ ,97^  were  chosen  for  fabrication. 


Several  transducers  were  evaluated  for  their 
harmonic  content.  A new  technique  was  used  for 
determining  absolute  Insertion  loss  of  dissimilar 
transducers  in  a lossy  medium.  This  method,  described 
In  Bef  1. , was  applied  to  the  evaluation  of  EMT  and 
piesoelectrlc  transducer  coad>lnatlons  on  aluminum 
eubstates. 

In  one  set  of  experiments  transducers  with 
S/b  ■ .5  were  examined.  A third  harmonic  was  found, 
apparently  In  disagreement  with  the  Legendre  polynoi^al 
theory.  (See  Fig.  U)  However,  on  microscopic 
examination  of  the  transducers,  we  determined  the 
actual  average  S/b  ■ .1*92.  Then,  recalculation  of 
third  harmonic  insertion  losses  brought  the  LP  theory 
(ILj_  ■ 80dB)  in  better  agreement  with  experiment 
(IL  » 71dB)  than  the  FF  theory  (iL^y  • 57 dB). 
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Figure  5.  Insertion  Loss  at  harmonic 
frequencies  for  various  suitchlng  conditions. 


We  must  now  determine  the  type  of  matching  to 
use.  To  facilitate  comparison  among  different 
matching  conditions,  we  again  omit  the  detailed 
frequency  response  at  each  harmonic  (described  by 
the  slnc^  term  In  Eq.  1)  and  plot  continuous  curves 
showing  the  minimum  bounds  of  insertion  loss  in  Fig.  5. 
At  the  bottom  of  Fig.  5 is  an  Insertion  loss  curve  (e) 
with  TE  ■ 2RA/R  and  8n  » 1 for  a transducer  having 
S/b  • 0.97^.  If  we  match  this  transducer  at  each 
harmonic  frequency  with  a shunt  capacitance  (a 
different  one  at  each  frequency),  then  an  overall 
Insertion  loss  variation  of  lUdB  across  the  band 
would  result  as  shown  by  curve  (d).  Note  that  curve 
(d)  Shows  the  bounds  of  the  minimum  Insertion  loss 
obtainable,  and  It  Is  a smooth  curve  connecting  valmes 
calculated  at  each  hansonle  frequency.  Despite  the 
considerable  reduction  In  insertion  loss,  the  require- 
ment of  capacitor  replacement  at  each  frequency  Is 
net  a practical  solution.  If  only  one  capacitor  were 
used,  it  would  have  a sharp  peaking  effect  with  a 
bandwidth  equal  to  the  electrical  Q as  shown  by  the 
top  three  curves  of  figure  5.  The  overall  response 
woiild  then  be  the  sum  of  (a),  (b)  or  (c)  with  (e). 


Figure  6.  Insertion  loss  data  of  an  EMT 
with  S/b  approximately  equal  to  one  compared 
to  the  FF  and  If  theories. 


Finally,  unmatched  transducers  with  S/b  ■ .97^ 
and  fn  ■ . 3TiWZ  were  evaluated  and  compared  with  the 
two  theories  (see  Figure  6).  As  expected,  the 
transducers  had  a nearly  constant  Insertion  loss.  The 
response  was  flat  to  within  e 2 dB  out  to  the  7th 
harmonic.  The  9th  harmonic  was  only  down  a few  dB 
more.  This  slight  deviation  can  be  attributed  to  the 
effects  of  electrical  matching.  In  addition,  the 
data  are  clearly  In  closer  agreeswnt  with  the  LP 
theory. 

In  conclusion,  we  have  shown  that  by  using  the 
Legendre  polynomial  theory  and  by  accounting  for  the 
effects  of  electrical  matching,  it  Is  possible  to 
design  on  EMT  with  a flat  response  (to  within  a few 
dB)  at  odd  harmonic  frequencies  over  nearly  a decade 
of  range. 
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